Introduction {#S1}
============

Synapses have the remarkable ability to adaptively modulate synaptic strength when confronted with diverse challenges that destabilize neurotransmission, yet the mechanisms controlling the integration of these responses remain enigmatic. Homeostatic mechanisms operate to stabilize synaptic activity in nervous systems of varied organisms ranging from invertebrates to humans ([@R35]). In these physiological systems, destabilizing perturbations to neurotransmission are offset by compensatory adaptations to postsynaptic neurotransmitter receptors (synaptic scaling) and/or presynaptic efficacy that maintains normal levels of functionality ([@R9]; [@R41]). This phenomenon, termed homeostatic synaptic plasticity, is thought to interface with Hebbian plasticity mechanisms to ensure stable yet flexible ranges in synaptic strength ([@R42]). While adaptive responses to individual destabilizing perturbations have been characterized in significant detail, less is known about how homeostatic signaling systems integrate reactions to concurrent challenges, particularly when these are in conflict.

The *Drosophila* neuromuscular junction (NMJ) is a powerful model system to study the bi-directional, homeostatic control of synaptic strength. At this glutamatergic synapse, acute pharmacological and chronic genetic manipulations that reduce postsynaptic glutamate receptor (GluR) function activate a retrograde, *trans*-synaptic signaling system that triggers a compensatory increase in presynaptic glutamate release, restoring baseline levels of synaptic strength ([@R13]). Because the expression of this form of plasticity requires a presynaptic increase in neurotransmitter release, this process is referred to as presynaptic homeostatic potentiation (PHP). Multiple lines of evidence have established that the homeostat that governs PHP is exquisitely sensitive to diminished postsynaptic excitability and operates through a retrograde enhancement of pre-synaptic efficacy, stabilizing overall synaptic strength ([@R14]; [@R33]). Parallel phenomena have been observed at cholinergic NMJs in rodents and humans ([@R7]), suggesting this is a fundamental and conserved form of synaptic plasticity that does not depend on the neurotransmitter system.

In contrast to PHP, far less is known about the homeostat that governs an inverse process at the *Drosophila* NMJ, referred to as presynaptic homeostatic depression (PHD). The first evidence for PHD, although not appreciated as such, was discovered while characterizing mutations in synaptic vesicle endocytosis genes, in which increased synaptic vesicle size was found to result from defects in vesicle re-formation mechanisms ([@R5]; [@R12]; [@R25]; [@R43]). Independently, evidence for PHD was found using a separate manipulation that also increased synaptic vesicle size through overexpression of the vesicular glutamate transporter (*vGlut*; vGlut-OE) ([@R8]). Both defective endocytosis and vGlut-OE result in enlargement of individual synaptic vesicles, leading to excess glutamate emitted from each synaptic vesicle and enhanced postsynaptic responsiveness (quantal size). However, normal levels of synaptic strength (excitatory postsynaptic potential \[EPSP\] amplitude) were observed due to a homeostatic reduction in the number of synaptic vesicles released (quantal content). When the phenomenon of PHD was initially defined, one hypothesis put forward was that PHD may be induced as an adaptive response to excess glutamate ([@R8]). More recently, PHD has been considered a mechanism that stabilizes neurotransmission in the same way that PHP operates ([@R15]), implying that PHD is calibrated as a homeostat that responds to overall synaptic strength. Despite these studies, the nature of the homeostat that controls PHD, as well as the genes and mechanisms involved, remains much less understood relative to PHP. It is not even clear whether *trans*-synaptic communication is required to induce, express, or modulate PHD.

We have characterized the adaptations to synaptic physiology, growth, structure, and plasticity when PHP and PHD are induced and expressed alone and in conjunction at an individual synapse. Several lines of evidence demonstrate that PHP and PHD are independent processes that use distinct mechanisms to modulate presynaptic efficacy in opposing directions and operate at separate neuronal subtypes. However, PHP and PHD are not simply independent signaling systems that each tune presynaptic efficacy to maintain stable levels of synaptic strength. Rather, our data indicate that PHP is indeed a homeostat dedicated to maintaining synaptic strength, induced through retrograde signaling in the postsynaptic compartment. In contrast, PHD operates with indifference to the state of the postsynaptic cell and is oblivious to overall synaptic strength, instead functioning cell autonomously in the presynaptic neuron as a negative feedback system to homeostatically modulate glutamate release.

Results {#S2}
=======

Bi-directional, Homeostatic Control of Presynaptic Efficacy at the *Drosophila* NMJ {#S3}
-----------------------------------------------------------------------------------

Homeostatic regulation of presynaptic glutamate release can be induced and expressed at the *Drosophila* NMJ. To characterize the mechanisms underlying PHD alone and when PHP and PHD are combined at an individual synapse, we used four distinct conditions (schematized in [Figure 1A](#F1){ref-type="fig"}). Genetic mutations in the postsynaptic GluR subunit *GluRIIA* were used to assess the chronic expression of PHP. In this mutant, reduced miniature excitatory postsynaptic potential (mEPSP) amplitude, but normal EPSP amplitude, is observed due to a homeostatic increase in presynaptic glutamate release (quantal content) ([Figures 1A--1E](#F1){ref-type="fig"}). To induce PHD, we overexpressed *vGlut* in motor neurons (vGlut-OE). This increases mEPSP amplitude, but synaptic strength is similar to wild-type levels because of a homeostatic reduction in quantal content ([Figures 1A--1E](#F1){ref-type="fig"}). Thus, in both PHP and PHD, quantal content is inversely adjusted relative to quantal size, maintaining constant levels of synaptic strength.

We next probed how a synapse adapts to a combination of genetic manipulations that individually induce PHP or PHD expression. When we combined *GluRIIA* and vGlut-OE (*GluRIIA*+vGlut-OE), quantal size was intermediate to either manipulation alone ([Figure 1C](#F1){ref-type="fig"}), consistent with reduced postsynaptic GluR expression but increased glutamate released per vesicle. Nonetheless, EPSP amplitude and quantal content are maintained at levels similar to control values ([Figures 1A, 1D and 1E](#F1){ref-type="fig"}). We confirmed the expected *GluRIIA* and *vGlut* expression in all four genotypes ([Figure S1](#SD1){ref-type="supplementary-material"}). Finally, we observed robust scaling of quantal content as a function of mEPSP amplitude in all genotypes, including *GluRIIA*+vGlut-OE ([Figure 1F](#F1){ref-type="fig"}), consistent with sensitivity of the homeostat to presynaptic glutamate release and/or postsynaptic responsiveness. Thus, presynaptic glutamate release is under exquisite, bi-directional, homeostatic modulation and can be induced, expressed, and balanced at an individual synapse, maintaining stable levels of synaptic strength over chronic timescales.

Conventional Mechanisms Drive the Acute Expression of PHP in a Chronically Depressed Synapse {#S4}
--------------------------------------------------------------------------------------------

PHP can be rapidly induced and expressed using an acute pharmacological method to block postsynaptic GluRs with the antagonist philanthotoxin-433 (PhTx) ([@R14]). A previous study reported the important demonstration that PHP can be acutely expressed at vGlut-OE NMJs ([@R15]), as we have shown over chronic timescales (*GluRIIA*+vGlut-OE). We first confirmed this result by applying PhTx to vGlut-OE NMJs, which resulted in the expected ∼50% reduction in mEPSP amplitude and a robust increase in quantal content, maintaining the homeostatic control of EPSP amplitude ([Figures 2A--2C](#F2){ref-type="fig"}). Thus, presynaptic neurotransmitter release can be acutely potentiated despite chronic depression induced by vGlut-OE, balancing overall synaptic strength.

To assess whether conserved genetic mechanisms underlie PHP and PHD, we asked whether the schizophrenia susceptibility gene *dysbindin (dysb),* necessary in motor neurons for both acute and chronic forms of PHP expression ([@R11]), is required for PHD expression. We observed no difference in quantal content when vGlut-OE was combined with *dysbindin* mutations (*dysb*+vGlut-OE) ([Figures 2D--2F](#F2){ref-type="fig"}), suggesting that *dysbindin* plays no role in PHD induction or expression, consistent with separate genetic mechanisms driving PHP and PHD ([@R15]; [@R21]). We also probed whether conventional PHP expression mechanisms remain utilized when PHP is induced at a homeostatically depressed synapse. We applied PhTx to *dysb*+vGlut-OE synapses and observed a failure to homeostatically potentiate quantal content ([Figures 2D--2F](#F2){ref-type="fig"}) while PHD was normally expressed. Therefore, conventional genetic mechanisms are required for the acute induction of PHP at a synapse expressing PHD, while PHP and PHD use separate genetic expression mechanisms that are effectively superimposed when balanced at an individual synapse.

Ca^2+^ Cooperativity, Release Probability, and Vesicle Pools Are Balanced in *GluRIIA*+vGlut-OE {#S5}
-----------------------------------------------------------------------------------------------

PHP and PHD use shared but inverse changes in Ca^2+^ influx at presynaptic terminals ([@R15]; [@R27]), but only PHP appears to involve modulation of the readily releasable synaptic vesicle pool (RRP) when examined individually ([@R15]; [@R28]). However, it is unclear how these expression mechanisms are integrated when combined at an individual synapse. We first measured the apparent Ca^2+^ cooperativity of neurotransmission by examining quantal content over a range of external Ca^2+^ concentrations. We observed no significant difference in the apparent Ca^2+^ cooperativity in *GluRIIA*+vGlut-OE ([Figure 3A](#F3){ref-type="fig"}), which showed a similar slope compared to wild-type, *GluRIIA*, and vGlut-OE. Furthermore, we found significant differences in excitatory postsynaptic current (EPSC) amplitudes at elevated Ca^2+^ concentrations across all genotypes ([Figure 3B](#F3){ref-type="fig"}). Altogether, this demonstrates presynaptic glutamate release is properly tuned across a range of Ca^2+^ conditions following individual or simultaneous expression of PHP and PHD at a single synapse.

We next performed a series of experiments to probe release probability (*P~r~*) in *GluRIIA* mutants, vGlut-OE, and *GluRIIA*+ vGlut-OE. Failure analysis assesses presynaptic function independently of mEPSP amplitude, which has been used to show that *GluRIIA* mutants exhibit fewer failures ([@R33]), whereas vGlut-OE displays increased failure rates ([@R8]). We observed the expected decrease in failure rate in *GluRIIA* mutants (consistent with increased *P~r~*) and increase in failures in vGlut-OE relative to wild-type (consistent with reduced *P~r~*) ([Figure 3C](#F3){ref-type="fig"}). Failure rate in *GluRIIA*+vGlut-OE was intermediate and not significantly different from that of wild-type, consistent with balancing of PHP and PHD modulations ([Figure 3C](#F3){ref-type="fig"}). In addition, paired-pulse ratios have been used to gauge *P~r~*, in which depression or facilitation is observed in the second stimulus evoked shortly after an initial stimulus. At physiological Ca^2+^ conditions (1.5 mM), paired-pulse depression (PPD) is observed at the *Drosophila* NMJ ([@R3]). We found enhanced PPD in *GluRIIA* mutants, reduced PPD in vGlut-OE, and no significant difference in *GluRIIA*+vGlut-OE compared to wild-type ([Figures 3D and 3E](#F3){ref-type="fig"}). Similarly, no change in paired-pulse facilitation (PPF) is observed in reduced extracellular Ca^2+^ (0.3 mM) in *GluRIIA*+vGlut-OE, while reduced and enhanced PPF is observed in *GluRIIA* and vGlut-OE, respectively ([Figures 3F and 3G](#F3){ref-type="fig"}). Hence, the results of failure analysis, PPD, and PPF are consistent with PHP exhibiting increased *P~r~*, vGlut-OE showing reduced *P~r~*, and overall *P~r~* being similar to wild-type when these opposing modulations are simultaneously expressed.

An increase in the RRP is induced at synapses following acute and chronic expression of PHP ([@R21]; [@R28]; [@R44]), but no changes in this vesicle pool are observed at synapses expressing PHD ([@R15]). We therefore measured the RRP in *GluRIIA*+vGlut-OE, a situation in which we would predict an increase in the RRP as part of PHP expression, and no overall change contributed by PHD. We performed two-electrode voltage-clamp (TEVC) recordings in 3 mM external Ca^2+^, stimulating at 60 Hz and measuring the cumulative EPSC ([Figures 3H--3K](#F3){ref-type="fig"}). We observed the expected increase in the RRP in *GluRIIA* mutants, no change in vGlut-OE, and an increase in *GluRIIA*+vGlut-OE ([Figure 3I](#F3){ref-type="fig"}). Thus, one key expression mechanism underlying PHP, an increase in the RRP, can be fully induced at synapses also expressing PHD, demonstrating that PHD induction does not occlude the mechanisms necessary for PHP expression.

Finally, vGlut-OE enlarges synaptic vesicle size ([@R8]), which may have secondary impacts on vesicle biogenesis, membrane trafficking, and/or mobility that could alter synaptic physiology. We therefore measured the entire releasable synaptic vesicle pool size in vGlut-OE using a temperature-sensitive allele of *shibire (shi),* the fly homolog of the endocytic gene *dynamin* ([@R19]). In this mutation, all forms of synaptic vesicle endocytosis are blocked at the restrictive temperature (32°C) due to a failure of vesicle scission from the membrane. In *shi* mutant synapses, release ceased after ∼350 s, demonstrating that all releasable synaptic vesicles had been depleted ([Figure S2A](#SD1){ref-type="supplementary-material"}). We found that the total releasable vesicle pool was equivalent in *shi* to that in *shi;GluRIIA, shi*;vGlut-OE, and *shi*;*GluRIIA*+vGlut-OE NMJs (∼88,000 total quanta) ([Figure S2B](#SD1){ref-type="supplementary-material"}). Thus, the total releasable synaptic vesicle pool is unchanged despite the enlargement of individual vesicles due to vGlut-OE.

The Active Zone Scaffold BRP and Ca^2+^ Channel Cac Are Enhanced Specifically at Type Ib Boutons in *GluRIIA* Mutants {#S6}
---------------------------------------------------------------------------------------------------------------------

It is unknown whether an anatomical change contributes to the stabilization of synaptic strength in vGlut-OE alone or in *GluRIIA*+vGlut-OE. Synaptic growth may be affected by enlarged vesicle size, perhaps altering the balance of constitutive versus regulated membrane trafficking during development ([@R20]). Most muscles in *Drosophila* receive input from two motor neurons exhibiting morphologically distinct terminals, type Is (type I small) and type Ib (type I big) ([@R1]), but synaptic growth at these terminals has not been defined in *GluRIIA* mutants or vGlut-OE. We found a small reduction in the number of type Ib boutons in *GluRIIA* mutants, which was also observed in vGlut-OE and *GluRIIA*+vGlut-OE ([Figures S3A--S3D](#SD1){ref-type="supplementary-material"}). Surprisingly, we observed an increase in type Is boutons in both vGlut-OE and *GluRIIA*+vGlut-OE, with no change in *GluRIIA* mutants ([Figures S3A--S3D](#SD1){ref-type="supplementary-material"}), leading to no difference in total bouton number per NMJ ([Figure S3E](#SD1){ref-type="supplementary-material"}). The reason for enhanced synaptic growth at type Is boutons in vGlut-OE is unclear but may be related to the enlarged synaptic vesicles and possibly enhanced membrane conferred at this high *Pr* neuronal subtype. We also observed no significant difference in the density of active zones labeled by the active zone scaffold bruchpilot (BRP) in either type Ib or type Is terminals ([Figures S3B--S3F](#SD1){ref-type="supplementary-material"}) or in active zone-GluR apposition ([Table S1](#SD1){ref-type="supplementary-material"}). Thus, PHP and PHD expression have distinct influences on synaptic growth at the type Ib and type Is motor neuron subtypes.

We next assessed active zone structure at synaptic terminals of *GluRIIA* mutants. The intensity of BRP does not change at either type Ib or type Is boutons in vGlut-OE ([@R15]). However, while an enhancement in BRP intensity occurs in *GluRIIA* mutants and following PhTx application ([@R16]; [@R44]), this remodeling has not been defined at type Ib vs type Is boutons. We therefore imaged individual BRP puncta and found a significant increase in both the mean and sum puncta intensity in *GluRIIA* mutants at terminals of type Ib boutons ([Figures 4A--4C](#F4){ref-type="fig"}), while no significant change was seen at type Is ([Figures 4F--4H](#F4){ref-type="fig"}), consistent with PHP signaling and BRP remodeling happening specifically at type Ib boutons. Next, we assessed intensity of the Ca^2+^ channel Cac in *GluRIIA* mutants using overexpression of a GFP-tagged transgenic allele of this channel (Cac-GFP-OE). A reduction in Cac-GFP-OE abundance was reported at both type Is and type Ib terminals in vGlut-OE ([@R15]), but has not been assessed following chronic PHP expression. We found a corresponding increase in Cac-GFP intensity (both mean and sum) at active zones specifically at type Ib terminals, with no change at type Is ([Figures 4A--4J](#F4){ref-type="fig"}). Consistent with this result, endogenously tagged Cac-GFP channels are also enhanced at type Ib terminals following acute PhTx application ([@R17]). Thus, both the active zone scaffold BRP and Ca^2+^ channel Cac are remodeled and augmented specifically at type Ib terminals in *GluRIIA* mutants, consistent with PHP expression restricted to type Ib inputs found through functional studies ([@R30]). These adaptations presumably contribute to the increased Ca^2+^ influx ([@R27]) and *P~r~* that drive PHP expression.

Ca^2+^ Imaging Reveals PHD Is Functionally Expressed at Both Type Is and Type Ib Inputs {#S7}
---------------------------------------------------------------------------------------

PHD expression at terminals of neuronal type Ib versus type Is neuronal subtypes has not been functionally defined. A Ca^2+^ indicator was developed and used to show that PHP is expressed exclusively at type Ib boutons at the *Drosophila* NMJ ([@R30]). This indicator, SynapGCaMP6f, targets GCaMP6f to the postsynaptic density and enables robust quantal imaging at type Ib and Is terminals. Active zones of type Is boutons have *P~r~* 2- to 3-fold higher than those of type Ib boutons ([@R24]), and a larger proportion of type Ib active zones becomes functional during repeated trains of activity ([@R30]). We morphologically identified large Ib boutons by size and functionally defined these terminals by eliciting facilitation during a 2 Hz train ([Figures 5B and 5E](#F5){ref-type="fig"}). In contrast, we functionally and anatomically defined small type Is boutons by eliciting the depression characteristic of this motor neuron during a 2 Hz stimulation ([Figure 5M](#F5){ref-type="fig"}). Using these criteria, we observed the expected increase in the amplitude of spontaneous quantal events at both type Ib and type Is terminals of NMJs in vGlut-OE compared with wild-type ([Figures 5C and 5K](#F5){ref-type="fig"}). However, although quantal size was enhanced in vGlut-OE, the total synaptic Ca^2+^ signal following evoked release was significantly reduced compared with wild-type at both type Ib and type Is terminals ([Figures 5D, 5E, 5L and 5M](#F5){ref-type="fig"}), indicating reduced quanta released or bouton ([Figures 5G and 5O](#F5){ref-type="fig"}). This demonstrates that vGlut-OE induces PHD at both type Ib and type Is motor subtypes, in contrast to *GluRIIA* mutants, in which PHP is exclusively expressed at type Ib synapses ([@R30]). Therefore, while only PHD signaling and expression occurs at type Is boutons, PHD is induced and expressed at both neuronal subtypes.

Postsynaptic CaMKII Levels Are Unaffected by PHD Signaling {#S8}
----------------------------------------------------------

Many lines of evidence suggest that perturbation or loss of GluRIIA-containing postsynaptic GluRs induces PHP expression ([@R14]; [@R33]). Although little is known about the induction mechanism triggering PHP downstream of receptor perturbation, levels of phosphorylated (active) Ca^2+^/ calmodulin-dependent protein kinase II (pCaMKII) are reduced specifically at postsynaptic densities of type Ib boutons in *GluRIIA* mutants and after PhTx application ([@R16]; [@R30]). CaMKII activity is bi-directionally regulated in opposing forms of Hebbian plasticity, long term potentiation (LTP) and long term depression (LTD), in mammalian systems ([@R6]; [@R34]). We therefore considered that if PHD were a homeostat governing synaptic strength, similar to PHP but in the opposite direction, then postsynaptic pCaMKII levels might be elevated following PHD expression or otherwise altered when PHP and PHD are combined at an individual NMJ. First, we confirmed a ∼50% reduction in pCaMKII intensity specifically at type Ib postsynaptic densities of *GluRIIA* mutants ([Figures 6A and 6B](#F6){ref-type="fig"}) and no change in pCaMKII levels in type Is boutons ([Figures 6C and 6D](#F6){ref-type="fig"}). Excess glutamate release and increased mEPSP amplitude could, in principle, enhance pCaMKII levels and induce retrograde PHD signaling in a parallel manner but inverse in direction compared to PHP signaling. However, we observed no significant difference in pCaMKII levels at type Ib or Is postsynaptic densities in vGlut-OE compared to wild-type ([Figure 6](#F6){ref-type="fig"}), revealing that postsynaptic pCaMKII is not modulated during PHD signal transduction. Finally, pCaMKII levels were reduced at type Ib synapses and unchanged at type Is synapses in *GluRIIA*+vGlut-OE ([Figure 6](#F6){ref-type="fig"}), consistent with PHP induction being superimposed on, but not influenced by, PHD expression when both homeo-static processes are triggered at the same NMJ. Thus, a key inductive event involved in PHP signaling in the postsynaptic compartment, pCaMKII, is not regulated during PHD.

PHD Is Not Induced by or Responsive to Increased Postsynaptic Excitability {#S9}
--------------------------------------------------------------------------

Various manipulations that disrupt postsynaptic GluRIIA-containing receptors induce retrograde signaling from the muscle to enhance presynaptic glutamate release and stabilize overall synaptic strength ([@R14]; [@R33]). In contrast, the only process known to be capable of inducing PHD at the *Drosophila* NMJ are mutations or manipulations in the presynaptic motor neuron that increase synaptic vesicle size and induce excess vesicular glutamate release ([@R5]; [@R8]; [@R12]; [@R25]; [@R43]). In our final set of experiments, we considered that if PHD was controlled by a homeostat that stabilized overall synaptic strength, similar to PHP but inverse in direction, then a converse perturbation, increased postsynaptic expression of GluRIIA-containing receptors, might induce or modulate PHD expression. However, previous studies demonstrated that when *GluRIIA* is overexpressed, mEPSP amplitude was enhanced, but no compensatory change in presynaptic neurotransmitter release was observed, resulting in increased EPSP amplitude ([@R10]; [@R33]). We revisited this finding in light of our characterization of PHD by vGlut-OE.

First, we overexpressed the *GluRIIA* subunit in the muscle (GluRIIA-OE), which increased mEPSP amplitudes to levels similar to those of vGlut-OE ([Figures 7A and 7B](#F7){ref-type="fig"}). We confirmed that GluRIIA-OE enhanced GluRIIA-containing receptor abundance without affecting synaptic growth ([Figure S4A--4D](#SD1){ref-type="supplementary-material"}). However, no change in presynaptic release was observed, leading to a maladaptive, non-homeostatic increase in EPSP amplitude ([Figures 7A--7C](#F7){ref-type="fig"}). Thus, while vGlut-OE and GluRIIA-OE each induce the same enhancement in miniature activity in the postsynaptic cell, only excess presynaptic glutamate release, not increased postsynaptic responsiveness to glutamate, is capable of activating PHD expression. Indeed, we observed no scaling of quantal content as a function of mEPSP amplitude in GluRIIA-OE ([Figure S5](#SD1){ref-type="supplementary-material"}). Hence, we find no evidence that retrograde communication modulates presynaptic efficacy when muscle excitability is elevated.

We then applied PhTx to GluRIIA-OE synapses, which reduced mEPSP amplitude by ∼60% ([Figures 7A--7C](#F7){ref-type="fig"}), as expected. This diminution of mEPSP activity induced an enhancement in presynaptic glutamate release ([Figures 7A--7C](#F7){ref-type="fig"}), demonstrating that PHP can be induced and expressed when elevated postsynaptic GluR levels are acutely perturbed.

Next, we asked whether increasing GluR levels influences PHD expression. We combined both GluRIIA-OE and vGlut-OE manipulations (GluRIIA-OE+vGlut-OE), which led to an enhancement in mEPSP amplitude above either manipulation alone ([Figures 7D and 7E](#F7){ref-type="fig"}). Although EPSP amplitude was also increased in this genotype, quantal content remained the same as vGlut-OE alone ([Figures 7D--7F](#F7){ref-type="fig"}), demonstrating that PHD induction and expression are not influenced by GluRIIA-OE. Finally, application of PhTx to GluRIIA-OE+vGlut-OE NMJs reduced mEPSP amplitude and increased quantal content ([Figures 7D--7F](#F7){ref-type="fig"}).

These results illuminate two important points. First, there is no evidence for the existence of a retrograde homeostatic signaling system that stabilizes synaptic strength when muscle excitability is elevated. Second, PHD operates with complete obliviousness with regard to the state of the postsynaptic cell and to overall synaptic strength, emitting and scaling presynaptic glutamate release independently of the muscle response. This is in contrast to PHP, which is exquisitely sensitive to reduced excitability in the muscle and extremely responsive to reductions in synaptic strength.

Discussion {#S10}
==========

We have characterized the induction and expression mechanisms driving PHD and PHP alone and defined how synaptic strength is balanced when these two processes are active at the same synapse. While the independent homeostats controlling PHP and PHD result in balanced neurotransmission when induced at the same synapse, this is the result of a superimposition of separate signaling systems operating at disparate and overlapping motor inputs, rather than a deliberate integrated response in the same neuron to stabilize synaptic strength.

Independent Expression Mechanisms Control PHP and PHD {#S11}
-----------------------------------------------------

Clearly, distinct genetic mechanisms underlie PHP and PHD signaling, because genes necessary for PHP have no role in PHD. This is illustrated by loss of the gene *dysbindin*, which is required for PHP expression ([@R11]) but has no impact on PHD, consistent with findings that other genes necessary for PHP do not impact PHD ([@R15]; [@R21]). Thus, while PHP and PHD appear to be parallel processes that modulate presynaptic neurotransmitter release in inverse directions, they do not employ overlapping genetic machinery.

PHP and PHD also use distinct physiological expression mechanisms. PHD reduces *P~r~* at both type Ib and Is motor neurons ([Figure 5](#F5){ref-type="fig"}) through an apparent reduction in Ca^2+^ influx yet without a change in BRP or the size of the RRP ([@R15]). In contrast, our study and others have found PHP adaptations involve an increase in presynaptic *P~r~* mediated through increased Ca^2+^ influx, active zone scaffolding, Ca^2+^ channel abundance, and enhancement of the RRP ([@R16]; [@R17]; [@R23]; [@R27]; [@R28]; [@R44]). Indeed, remodeling of BRP at active zones appears to be unique to PHP and to terminals of type Ib boutons. The BRP scaffold controls the size of the RRP ([@R26]) and stabilizes Cac channels at the active zone ([@R22]). Therefore, an attractive hypothesis is that PHP requires enhancements in Cac and BRP abundance to promote both Ca^2+^ influx and increase RRP size. Ca^2+^ channels and active zone scaffolds are also homeostatically regulated to control presynaptic neuro-transmitter release in mammalian neurons ([@R40]), suggesting that such plasticity mechanisms may be evolutionarily conserved.

Distinct Induction Mechanisms Control PHP and PHD Signaling {#S12}
-----------------------------------------------------------

The postsynaptic induction mechanisms that orchestrate PHP signaling are enigmatic ([@R4]; [@R16]). However, it is clear that PHP signaling is extremely sensitive to reductions in postsynaptic excitability, which triggers a compartmentalized intercellular signaling system that originates in the postsynaptic muscle and requires a reduction in CaMKII activity to potentiate neurotransmitter release in the presynaptic neuron ([@R18]; [@R23]; [@R30]). If PHD were a homeostat designed to stabilize synaptic strength in a way that parallels PHP, then enhanced muscle excitability should induce a retrograde signaling system to depress presynaptic glutamate release. However, our data and previous work demonstrate that homeostatic depression is not induced when quantal size is increased ([@R33]). Rather, excess glutamate release from the motor neuron appears to be necessary and sufficient to induce and express PHD. This suggests that an autocrine mechanism triggers PHD signaling, in which excess glutamate is sensed and transduced into a reduction in presynaptic efficacy. Such an autocrine mechanism was astutely proposed as a possibility in the original vGlut-OE study ([@R8]).

If an autocrine mechanism mediates PHD induction, this would imply the existence of presynaptic GluRs that can sense excess glutamate and initiate presynaptic inhibition in response. Presynaptic autoreceptors are present and modulate presynaptic function at glutamatergic NMJs of invertebrates and vertebrates ([@R21]; [@R36]). One attractive candidate is the lone metabotropic GluR encoded in the *Drosophila* genome, *mGluRA*. mGluRA is present at presynaptic terminals of motor neurons at the larval NMJ and promotes presynaptic inhibition following excess glutamate released during high-frequency stimulation ([@R2]). Other possibilities include presynaptic NMDA receptors, which mediate presynaptic inhibition in response to excess glutamate release in the mammalian hippocampus ([@R31]). Notably, NMDA receptors have been reported to be present at the *Drosophila* NMJ ([@R39]). The nature of the glutamate sensor and autocrine signaling system that govern the induction and expression of PHD remains to be defined.

Glutamate Homeostasis at the *Drosophila* NMJ {#S13}
---------------------------------------------

Why doesn\'t a homeostat governing synaptic strength exist at the NMJ that is responsive to enhanced postsynaptic excitability? Proper control of muscle contraction is essential to life, and NMJs in many systems use a safety factor that ensures neurotransmitter is released in excess to stably promote muscle contraction. Hence, given this safety factor, it is not clear that a postsynaptic signaling system at the NMJ is necessary to detect and respond to heightened neurotransmitter release or sensitivity. Pharmacological perturbations to cholinergic NMJs that inhibit the enzymatic breakdown of neurotransmitter in worms and mammals lead to rapid paralysis and death, and there is no evidence that homeostatic retrograde signaling systems are initiated to inhibit presynaptic neurotransmitter release during these challenges. Thus, a retrograde homeostatic signaling system to depress presynaptic efficacy in response to increased postsynaptic excitability may not have developed due to a lack of evolutionary pressure.

Why, then, does a process like PHD exist at the *Drosophila* NMJ, designed to inhibit glutamate release through an autocrine presynaptic signaling system? One attractive possibility is that PHD may be a process that maintains stable glutamate levels at the larval NMJ of *Drosophila* in lieu of classical glutamate re-uptake mechanisms. In the CNS, various clearance mechanisms homeostatically maintain ambient glutamate levels to prevent excitotoxicity ([@R29]), and excitatory GluRs are present at presynaptic terminals of the larval *Drosophila* NMJ ([@R21]). The major mechanism for glutamate clearance in the mammalian brain requires glutamate transporter proteins in the plasma membrane of both glial cells and neurons. In *Drosophila*, there a single excitatory amino acid transporter specific for glutamate reuptake encoded in the genome, *dEAAT1*. *dEAAT1* is expressed in the central nervous system and in peripheral glia at the adult NMJ, where it is involved in glutamate clearance ([@R38]). However, *dEAAT1* is not expressed at the embryonic or larval NMJ ([@R37]), and it is unclear how glutamate is controlled in this system. Accordingly, PHD may serve as an adaptive cell autonomous mechanism that responds to excess glutamate and inhibits release to maintain glutamate homeostasis, a process that may have parallels in the mammalian CNS ([@R31]).

Experimental Procedures {#S14}
=======================

Fly Stocks {#S15}
----------

*Drosophila* stocks were raised at 25°C on standard molasses food. The *w^1118^* strain is used as the wild-type control unless otherwise noted, because this is the genetic background of the transgenic lines and other genotypes used in this study. A complete list of all stocks, genotypes, and details on immunocytochemistry, imaging, and electrophysiology can be found in Supplemental Experimental Procedures.

Immunocytochemistry {#S16}
-------------------

Third-instar larvae were dissected in ice cold 0 Ca^2+^ hemolymph-like solution 3 (HL-3) and fixed in either Bouin\'s fixative or 4% paraformaldehyde (PFA) as described ([@R32]).

Imaging and Analysis {#S17}
--------------------

Samples were imaged using a Nikon A1R resonant scanning confocal microscope as described ([@R20]).

Electrophysiology {#S18}
-----------------

All dissections and recordings were performed as described ([@R21]) in modified HL-3 saline containing 70 mM NaCl, 5 mM KCl, 10 mM MgCl~2~, 10 mM NaHCO~3~, 115 mM sucrose, 5 mM trehalose, 5 mM HEPES, and 0.4 mM CaCl~2~ (unless otherwise specified) (pH 7.2).

Statistical Analysis {#S19}
--------------------

All data are presented as mean ± SEM. Data were compared using a one-way ANOVA followed by Tukey\'s multiple comparison test or using a Student\'s t test (where specified), analyzed using GraphPad Prism or Microsoft Excel software, with varying levels of significance assessed as \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, and \*\*\*\*p \< 0.0001; NS, not significant. A Kruskal-Wallis test in GraphPad Prism was used to assess significance across a set of distributions. See [Table S1](#SD1){ref-type="supplementary-material"} for further statistical details and values.

Supplementary Material {#S20}
======================
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![Presynaptic Homeostatic Potentiation and Depression Can Be Induced, Expressed, and Balanced\
(A) Schematic of genetic manipulations to the *Drosophila* NMJ that induce bi-directional, homeostatic changes in presynaptic neurotransmitter release over chronic timescales. Presynaptic homeostatic potentiation (PHP) is observed when mEPSP amplitudes are reduced due to genetic loss of the postsynaptic GluR subunit *GluRIIA*. Presynaptic homeostatic synaptic depression (PHD) is observed when mEPSP amplitudes are enhanced following overexpression of the vesicular glutamate transporter in motor neurons (vGlut-OE). Synaptic strength (EPSP amplitude) is maintained at baseline levels when PHP and PHD are individually expressed or combined at an individual NMJ in *GluRIIA*+vGlut-OE. Insets: representative electrophysiological traces in the indicated genotypes, each showing similar EPSP amplitudes despite differences in mEPSP amplitudes.\
(B) Quantification of mEPSP amplitude and quantal content in the indicated genotypes (coded by color), normalized to wild-type values. A homeostatic increase in presynaptic glutamate release (quantal content) is observed in *GluRIIA* mutants, while a homeostatic decrease is observed in vGlut-OE. When combined, *GluRIIA*+vGlut-OE show similar mEPSP and quantal content values compared to wild-type.\
(C--E) Quantification of mEPSP amplitude (C), EPSP amplitude (D), and quantal content (E) in the indicated genotypes.\
(F) All genotypes show homeostatic tuning of quantal content over varying average quantal sizes, in effect maintaining stable levels of synaptic strength. The black curve represents ideal homeostatic tuning, derived by solving the function of EPSP = QC × mEPSP. QC, quantal content.](nihms968694f1){#F1}

![Conventional Mechanisms Are Required for the Acute Expression of PHP in vGlut-OE\
(A) Schematic and representative traces of wild-type and vGlut-OE NMJs following the acute application of PhTx. Diminished mEPSP amplitudes are observed in both wild-type and vGlut-OE NMJs after PhTx application, while EPSP amplitudes are maintained at baseline levels due to a homeostatic increase in quantal content.\
(B) Quantification of mEPSP amplitude, EPSP amplitude, and quantal content values in the indicated genotypes and conditions.\
(C) mEPSP and quantal content values following PhTx application normalized as a percentage of baseline values (no PhTx treatment).\
(D) Schematic and representative traces of vGlut-OE in a *dysbindin* mutant background (*dysb*+vGlut-OE) in baseline conditions and following application of PhTx. While loss of *dysbindin* has no impact on PHD expression, PHP expression is blocked following application of PhTx to *dysb*+vGlut-OE.\
(E) Quantification of mEPSP amplitude, EPSP amplitude, and quantal content values in the indicated genotypes and conditions.\
(F) Quantification of mEPSP and quantal content values normalized to baseline values.](nihms968694f2){#F2}

![Characterization of Ca^2+^ Co-operativity, Failure Analysis, and RRPs in *GluRIIA*+vGlut-OE\
(A) Quantal content plotted as a function of extracellular Ca^2+^ concentration on a log/log scale, with best fit lines shown, for the indicated genotypes. No significant differences in the slopes were observed ([Table S1](#SD1){ref-type="supplementary-material"}).\
(B) EPSC amplitude following homeostatic challenge remains similar to wild-type in the indicated genotypes across a range of extracellular Ca^2+^ conditions.\
(C) Failure analysis reveals a decrease in failure rate in *GluRIIA* mutants, while an increase in failure rate is observed in vGlut-OE, as expected. An intermediate failure rate is observed in *GluRIIA*+vGlut-OE, consistent with a balancing of adaptations resulting from both PHP and PHD expression. Recordings were performed in 0.05 mM extracellular Ca^2+^.\
(D) Representative paired-pulse EPSC traces at 1.5 mM extracellular Ca^2+^ with an interstimulus interval of 16.7 ms in the indicated genotypes. Enhanced paired-pulse depression (PPD) was observed in *GluRIIA* mutants, while reduced PPD was found in vGlut-OE, consistent with increased and reduced probability of release.\
(E) Quantification of the paired-pulse ratio (EPSC2/EPSC1) in the indicated genotypes.\
(F) Representative paired-pulse EPSC traces at 0.3 mM extracellular Ca^2+^ in the indicated genotypes. Reduced paired-pulse facilitation (PPF) was observed in *GluRIIA* mutants, while enhanced PPF was found in vGlut-OE, consistent with increased and reduced probability of release.\
(G) Quantification of the paired-pulse ratio (EPSC2/EPSC1) in the indicated genotypes.\
(H) Representative EPSC recordings of 30 stimuli at 3 mM extracellular Ca^2+^ during a 60 Hz stimulus train in the indicated genotypes.\
(I) Estimated size of the RRP in the indicated genotypes demonstrating the RRP is increased in both *GluRIIA* mutants and *GluRIIA*+vGlut-OE.\
(J) Average cumulative EPSC amplitude plotted as a function of time. A line fit to the 18th--30th stimuli was back-extrapolated to time 0.\
(K) Average cumulative EPSC values for the indicated genotypes.](nihms968694f3){#F3}

![BRP and Cac Abundance in Active Zones Are Specifically Enhanced at Type Ib Terminals in *GluRIIA* Mutants\
(A) Representative images of type Ib boutons immunostained with anti-GFP and anti-BRP at NMJs transgenically overexpressing the Ca^2+^ channel Cac-GFP in the indicated genotypes.\
(B--E) Quantification of mean and sum immunofluorescence intensity of BRP (B) and Cac-GFP-OE (D) puncta and cumulative frequency distribution of mean BRP (C) and Cac-GFP-OE (E) puncta at type Ib boutons reveal a significant increase in these values in *GluRIIA* mutants.\
(F) Representative images of type Is boutons with the same immunolabeling and genotypes as in (A).\
(G--J) No changes in BRP or Cac-GFP mean or sum puncta intensity (G and I) or cumulative frequency distribution (H and J) are observed at type Is boutons in *GluRIIA* mutants.](nihms968694f4){#F4}

![*In Vivo* Ca^2+^ Imaging Reveals Both Type Ib and Type Is Boutons Express PHD\
(A) Representative traces of spontaneous Ca^2+^ transients imaged at type Ib boutons in the indicated genotypes. Consistent with electrophysiological recordings, vGlut-OE synapses show enhanced miniature Ca^2+^ signals compared to wild-type (WT).\
(B) Representative images of spontaneous GCaMP signals coded as a heatmap at individual type Ib boutons shown at three time points. The change in fluorescence (ΔF) during a spontaneous event is larger at vGlut-OE type Ib boutons.\
(C and D) Quantification of quantal size (ΔF of the spontaneous Ca^2+^ transient event) (C) and evoked Ca^2+^ transient event (D) at individual boutons.\
(E) ΔF traces of a single evoked event followed by a 2 Hz stimulus train to functionally define type Ib boutons based on their characteristic facilitation. Note the reduced evoked response at type Ib boutons in vGlut-OE.\
(F) Representative images of evoked GCaMP signals.\
(G) Reduced quanta released per bouton per evoked stimulus at vGlut-OE NMJs compared to wild-type, indicative of PHD expression.\
(H) Quantal size and quanta released per bouton in vGlut-OE normalized to wild type.\
(I) Ca^2+^ transients during spontaneous events at type Is boutons. vGlut-OE boutons show enhanced Ca^2+^ signals compared to WT.\
(J) Representative images of spontaneous GCaMP signals at individual type Is boutons.\
(K and L) Quantal size is enhanced at type Is boutons in vGlut-OE (K), and the evoked Ca^2+^ transient event per individual bouton is significantly reduced (L).\
(M) ΔF traces of an individual bouton stimulus followed by a 2 Hz train functionally defines type Is boutons by their characteristic depression.\
(N) Representative images of evoked GCaMP signals at type Is boutons shown at three time points.\
(O) Reduced quanta is released per bouton in vGlut-OE, indicative of PHD expression.\
(P) Quantal size and quanta released per bouton in vGlut-OE normalized to wild type.](nihms968694f5){#F5}

![pCaMKII Levels Are Reduced Specifically at Type Ib Postsynaptic Densities in *GluRIIA* Mutants and Unchanged in vGlut-OE\
(A) Representative images of NMJs immuno-stained with antibodies that recognize the active (phosphorylated) form of CaMKII (pCaMKII), the postsynaptic scaffold discs large (DLG), and the essential postsynaptic GluR subunit GluRIID.\
(B) Quantification of total pCaMKII intensity at muscle 6/7 type Ib boutons reveals a reduction in *GluRIIA* and *GluRIIA*+vGlut-OE and no significant change in vGlut-OE.\
(C) Representative images of type Is boutons immunostained in the same conditions and genotypes as in (A).\
(D) Quantification of pCaMKII intensity at type Is boutons shows no significant change in any genotype, consistent with PHP not operating at type Is boutons and PHD having no impact on post-synaptic pCaMKII levels.](nihms968694f6){#F6}

![Enhanced Quantal Size Triggered by Postsynaptic Overexpression of *GluRIIA* Does Not Induce or Modulate PHD Expression\
(A) Schematic and representative traces of postsynaptic overexpression of the *GluRIIA* subunit (GluRIIA-OE) at baseline conditions and after PhTx application. Although GluRIIA-OE increases mEPSP amplitude, no change in presynaptic neurotransmitter release is observed, leading to enhanced EPSP amplitude and no change in quantal content. Hence, enhanced mEPSP amplitude through postsynaptic mechanisms does not induce retrograde PHD signaling (schematized by the red dashed arrow). After PhTx application to GluRIIA-OE, mEPSP amplitude is reduced, while retrograde PHP signaling is induced, leading to a homeostatic increase in quantal content.\
(B) Quantification of average mEPSP amplitude, EPSP amplitude, and quantal content values for the indicated genotypes and conditions.\
(C) mEPSP and quantal content values normalized to baseline conditions (−PhTx).\
(D) Schematic and representative traces of vGlut-OE combined with GluRIIA-OE alone and after PhTx application. In this condition, GluRIIA-OE+vGlut-OE, mEPSP amplitudes are further enlarged, but PHD is normally expressed, resulting in no change in quantal content compared with vGlut-OE alone. An autocrine mechanism requiring excess glutamate release to induce PHD is schematized by the red arrow. Acute PhTx application induces PHP expression in GluRIIA-OE+vGlut-OE.\
(E) Quantification of mEPSP amplitude, EPSP amplitude, and quantal content values in the indicated genotypes and conditions.\
(F) Quantification of mEPSP and quantal content values normalized to baseline values (−PhTx).](nihms968694f7){#F7}

###### Highlights

-   Two independent homeostats bi-directionally control presynaptic efficacy in Drosophila

-   Homeostatic potentiation and depression are expressed at distinct neuronal subtypes

-   Homeostatic depression is not induced or influenced through postsynaptic excitability

-   An autocrine signaling mechanism responds to excess glutamate to induce depression
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